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Abstract 
Oxidative degradation produces carboxylic acids which are one of the undesirable degradation products and may have a negative 
impact on the CO2 separation energy of post combustion capture system. 30wt% MEA solutions mixed with carboxylic acids 
were regarded as a simulated solution for degraded MEA and effect of the additives on heat of CO2 absorption, equilibrium CO2 
loading and CO2 absorption rate were experimentally evaluated by using a differential reaction calorimetry (DRC) apparatus, a 
pressurized vessel to obtain vapor liquid equilibrium (VLE) data and a gas-liquid contactor, respectively. At the range of CO2 
loading from 0.0 to 0.3 mol-CO2/mol-amine, the heat of CO2 absorption of the simulated solution increased by around 10% 
compared to the normal MEA solution. Moreover, the changing-point of the heat of CO2 absorption of the simulated solution 
moved to a leaner CO2 loading compared to the normal solution. Result of a 13C-NMR analysis also indicated the change in 
reaction mechanism. At the absorber condition, the equilibrium CO2 loading of the simulated solution decreased by 20% in 
comparison with the normal solution, where it decreased by 10% at the stripper condition and therefore the cyclic CO2 loading 
also decreased. Both CO2 absorption rates decreased linearly but in different gradients with increasing CO2 loading. Higher pH in 
the simulated solution kept higher CO2 absorption rate, which is consistent with the result of pH measurement. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Post combustion CO2 Capture (PCC) is gaining widespread interest as one of the most practical technologies for 
controlling greenhouse gas emissions [1]. In particular, PCC can be retro-fitted to existing boiler turbine generator 
power plants and offer a flexible operation because of the downstream process. Carbon dioxide recovery from flue 
gas by amine absorption has been demonstrated in many projects because aqueous amine solutions have been 
established as a mature technology for PCC. However, those of technologies still have a problem of significant 
energy consumption in regenerating a large amount of CO2-rich amine solution. On top of that, amine degradation 
caused by reaction between amines and acid gases such as SOx, NOx and O2 is another major problem in PCC 
system. Many previous works reported the reaction of CO2 with aqueous alkanolamines especially 
monoethanolamine (MEA), which is generally used for CO2 separation as a standard amine solution, and also 
reported degradation kinetics and mechanism of MEA. Degradation of MEA is caused by contaminants in the 
solution and modes of degradation can be classified broadly into two categories depending on reactions. One is 
degradation with production of heat stable salts (HSS) [2], and MEA forms stable salts with non-volatile strong acids 
and lose ability to absorb CO2. The other is thermochemical degradation reactions involving O2 or COS and 
oxidative degradation is one of them. MEA forms adverse organic acids which form HSS again and leads to a 
positive feedback effect on losing ability to absorb CO2 [3]. The oxidative degradation of MEA should have been 
minimized because of not only a decrease in effective residual amine in solution but also adverse environmental 
impact and corrosion of equipment by degradation products. Oxidative degradation occurs in the presence of oxygen 
and results in fragmentation of the amine in solution. In particular, carboxylic acids, which are stronger than 
carbonic acid and neutralize the amine solution, is one of the undesirable degradation products and may have a 
negative impact on the regeneration energy of CO2-rich amine. In this report, we experimentally examined the effect 
of carboxylic acid on heat of CO2 absorption, equilibrium CO2 loading and CO2 absorption rate by using a 
differential reaction calorimetry (DRC) apparatus, a pressurized vessel to obtain vapor liquid equilibrium (VLE) data 
and a gas-liquid contactor, respectively.  
. 
Nomenclature 
MEA monoethanolamine  
𝑟ொ஺ reaction  rate of MEA (kmol͌m-3͌h-1) 
𝑟ேுయ  reaction rate of ammonia (mM͌h-1) 
HEF  N-(2-hydroxyethyl) formamide 
HEA N-(2-hydroxyethyl) acetamide 
2. Experimental 
2.1. Accelerated oxidative degradation test 
In order to confirm production of carboxylic acids in a MEA solution accompanied with oxidative degradation 
reactions, we planned to an accelerated oxidative degradation test and determined the concentration of additives in 
the simulated degradation solution. Supap et al. formulated the degradation rate of MEA as a function of both MEA 
and O2 concentrations [4]. 
 
−𝑟ொ஺(𝑘𝑚𝑜𝑙 ∙ 𝑚ିଷ ∙ ℎିଵ) = 2.5 × 10ହ ∙ 𝑒ି଺଺ଶ଼଼.ଽ ோ்⁄ [𝑀𝐸𝐴][𝑂ଶ]ଵ.ହ           (1) 
 
They also carefully investigated degradation kinetics in MEA solution, CO2, SO2 and O2 system formulating Eq. 
(2) of the degradation rate of MEA as a function of temperature and their molar concentrations.[5]  
 
−𝑟ொ஺(𝑘𝑚𝑜𝑙 ∙ 𝑚ିଷ ∙ ℎିଵ) =
6.74 × 10ଽ ∙ 𝑒ିଶଽସ଴ଷ ோ்⁄ [𝑀𝐸𝐴]଴.଴ଶ([𝑂ଶ]ଶ.ଽଵ + [𝑆𝑂ଶ]ଷ.ହଶ)
1 + 1.18[𝐶𝑂ଶ]଴.ଵ଼        (2) 
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The catalytic effect of dissolved metals present in MEA solutions on the oxidative degradation rate has been 
reported [6]. In recent work, this effect was analyzed for the presence of ammonia as an indicator of MEA oxidative 
degradation. Chi and Rochelle obtained the production rate of ammonia derived from MEA oxidative degradation 
accelerated by dissolved iron using various concentration of MEA solution with CO2 loading of 0.4. The catalytic 
effect of iron on oxidation of MEA to ammonia is expressed as Eq. (3) [7]. 
 
𝑟ேுయ(𝑚𝑀 ∙ ℎିଵ) = 0.36 ቆ
ൣ𝐹𝑒ଷା ଶା⁄ ൧
0.0001 𝑚𝑀ቇ
଴.ଶ
 (3) 
 
Furthermore, Voice and Rochelle widely investigated not only effect of iron, manganese and copper but also 
dependence of sour gas contaminants, oxygen and temperature on oxidative degradation rate of MEA [8]. The 
condition of accelerated oxidative degradation test was determined by reference to these preceding works and a 
certain level of carboxylic acids was expected to be produced around 150 hours. The experimental apparatus for the 
accelerated oxidative degradation test is shown Fig. 1. Pure O2 of 0.3 SLM was injected into two 5 M MEA 
solutions (Purity > 99.0%, Grade:GR, Tokyo Chemical Industry Co., Ltd.) agitated by a magnetic stirrer at 313.15 K 
and 0.2 MPaG. According to the paper reported by da Silva et al., Iron(II) sulfate heptahydrate (FeSO4·7H2O) was 
added into one solution prepared to a concentration of 1.0 mM ferrous ion [9]. Both production rates of carboxylic 
acids are compared by analyzing a small amount of sample using an ion chromatography at 50 hours interval.  
 
 
Fig. 1. Experimental apparatus of accelerated oxidative degradation test. 
The result of accelerated oxidative degradation test without and with Fe ion are shown in Fig. 2 (a) and (b), 
respectively. In the solution with the addition of Fe ion, both formic acid and acetic acid were linearly formed at a 
high production rate which was comparable to 15 and 50 times of production rates in the normal solution with no 
addition of Fe ion, respectively.  
Based on this result, we determined to use the base blended solution of MEA/HCOOH/CH3COOH 
=27.66/1.80/0.54 wt% as a simulated solution of degraded 30% MEA for DRC and VLE experiments, which was 
estimated to be equivalent to the 30wt% MEA solution at 0.1 CO2 loading degraded with a flue gas of 12% O2 and 
50 ppm SO2 at 70 °C for 20000 hours by Eq. (2). Lee et al. reported oxidative degradation of 30 wt% alkanolamines 
at the temperature of 60 °C with 98% O2/2% CO2 gas and obtained approximately 60000 ppm formate and 18000 
ppm acetate after 1400 hrs [10]. Tanthapanichakoon et al. also investigated electrochemically the effect of heat-
stable salts on corrosion in MEA solution and prepared an aqueous solution of 5.0 M MEA containing a CO2 loading 
of 0.20 at the temperature of 80.0 °C with the addition of up to 50000 ppm of formic acid and 10000 ppm acetic acid 
[11]. According to these literatures, the preparation of the simulated solution was reasonable in terms of the 
concentration and blend ratio of formic acid and acetic acid. 
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(a) Normal MEA solution with no addition of Fe ion         (b) MEA solution with 1.0 mM Fe ion 
Fig. 2. Result of accelerated oxidative degradation test. 
2.2. Differential reaction calorimetry 
Heat of CO2 absorption was quantified by a differential reaction calorimetry (DRC) system shown by Fig. 3. The 
DRC consists of one pair of reactors which have thermostatic brine jackets and are controlled at 40oC constant. The 
right side is a working reactor and the left side is a dummy reactor and both reactors are partially filled with a same 
MEA concentration and weight as well as same pre-CO2 loading. Carbon dioxide diluted with nitrogen is measured 
out by syringe attached on overhead of the working reactor and injected into it. Unreacted gas is collected by over 
water and measured precisely. Thermocouples are inserted into both reactors and detect temperature difference with 
high-response temperature measurement and this temperature difference is recorded every 0.1 second. The test 
solution at intended CO2 loading was prepared by feeding CO2 gas through the moisture saturator and into the 
working reactor. Pre-loading was roughly detected by weight change and precisely quantified by using a total 
organic carbon (TOC) analyzer. In order to calibrate the thermal system, the conductance of the thermal system was 
measured twice before and after CO2 absorption by inputting known electric energy and the mean value was 
employed for data analysis. The accuracy of this measuring system was quantitatively evaluated. The maximum 
error in CO2 loading is 0.01 determined by the TOC. The maximum error in reaction heat is estimated to ±6 kJ/mol 
due to thermocouple precision of ±0.05 °C. 
2.3. Vapor liquid equilibrium 
Carbon dioxide loading capacity of amine solvents can be experimentally evaluated by VLE measurement. The 
apparatus to obtain VLE data is shown in Fig. 4. The flow rate and total pressure of feed gas was controlled by mass 
flow controllers and a pressure regulator, respectively, and adjusted an intended CO2 partial pressure. The 
temperature of the moisture saturator was controlled at the same temperature of the outlet gas to compensate the 
moisture brought out from the pressure vessel. The oil bath and heater kept the solution temperature constant. The 
operating temperature for absorbers and strippers were set at 40 °C and 120 °C, respectively as many preceding work 
reported. An infrared gas analyzer detected the change in CO2 concentration of the outlet gas. After reaching 
equilibrium condition, a small amount of the solution was extracted through the liquid sampling line and diluted just 
100-fold with distilled pure water accurately. This procedure was quickly conducted at a low temperature. 
Eventually, CO2 loading of the diluted sample was analyzed by the TOC analyzer. 
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Fig. 3. Schematic of differential reaction calorimetry.   Fig. 4. Schematic of VLE apparatus 
2.4. Gas-liquid contactor 
In this work, a gas-liquid contactor was employed to quantify CO2 absorption rate, while there were many other 
methods to quantify reaction rate for example stopped flow reactor, direct bubble column contactor, wetted wall gas 
absorption column and so on. The experimental apparatus is shown in Fig. 5. The reactant gas was mixture of 0.8 
SLM N2, 0.2 SLM CO2 and saturated moisture and flowed into the vessel. The cylindrical absorption vessel has a 
coaxial tandem rotating blade which stirred gas and liquid phase respectively, keeping a constant gas-liquid interface 
area. The concentration of the outlet gas was continuously measured and recorded by the IR gas analyzer and pH of 
the solution was analyzed through the liquid sampling line. The reaction temperature was kept at 40 °C constant by 
using the thermostatic bath. 
 
 
Fig. 5. Schematic of gas-liquid contactor to quantify CO2 absorption flux at a constant interface area. 
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3. Results and discussion 
3.1. Heat of CO2 absorption 
As the result of heat of CO2 absorption using the DRC, figure 6 and 7 show relation of heat of CO2 loading to 
heat of absorption and pH, respectively. The normal 30wt% MEA indicated exothermic heat of CO2 absorption 
around 86 kJ/mol- CO2 at the range of from 0.0 to 0.4 mol- CO2/mol-amine, which was due to carbamate formation 
expressed as Eq. (4). The exothermic heat decreased from CO2 loading around 0.4 where reaction mechanism of 
MEA and CO2 shifted from carbamate to bicarbonate formation expressed as Eq. (5), which is consistent with the 
literature data [12]. 
2𝑅𝑁𝐻ଶ + 𝐶𝑂ଶ ⟶ 𝑅𝑁𝐻𝐶𝑂𝑂ି + 𝑅𝑁𝐻ଷା   (4) 
𝑅𝑁𝐻ଶ + 𝐶𝑂ଶ + 𝐻ଶ𝑂 ⟶ 𝐻𝐶𝑂ଷି + 𝑅𝑁𝐻ଷା   (5) 
 
        
          
On the other hand, at the range of CO2 loading from 0.0 to 0.3 mol-CO2/mol-amine, the heat of CO2 absorption of 
the simulated solution of degraded 30% MEA increased by around 10% compared to the normal MEA solution. At 
the same range of CO2 loading, pH of the simulated solution was lower than that of the normal MEA solution, which 
was effect of addition of carboxylic acids. Moreover, the changing-point of the heat of CO2 absorption moved to a 
leaner CO2 loading in the simulated solution, compared to the normal solution. Analyzing reaction products by 13C-
nuclear magnetic resonance (NMR) is useful to understand the changing-point due to shifting these reactions. Figure 
8 (a) and (b) shows mole fraction of reaction products over various CO2 loadings analyzed by 13C-NMR. In the 
simulated solution of degraded MEA, not only MEA carbamate but also bicarbonate ion were produced even at CO2 
loading of 0.42, while only MEA carbamate was produced at 0.4 in the normal MEA solution. This result was 
translated into the decrease in heat of CO2 absorption at the range of richer CO2 loading from 0.4. Two lines in 
Figure 6 show numerical calculation results for the normal MEA and simulated solution computed by combination 
of a pair of equilibrium reactors of Aspen Plus V8.2 which includes the following Eqs. from (6) to (12). 
Combination of Eqs. (7) and (10) correspond to Eq. (5) and adding Eq. (11) to it correspond to Eq. (4). Equation (9) 
and (12) represents addition of acetic acid and formic acid, respectively. The calculation result by the equilibrium 
reactor model well captures the feature of the experimental result in terms of the increase in the heat of CO2 
absorption and the shift of the changing point of the simulated solution. 
2𝐻ଶ𝑂 ⟷ 𝐻ଷ𝑂ା + 𝑂𝐻ି    (6) 
𝐶𝑂ଶ + 2𝐻ଶ𝑂 ⟷ 𝐻ଷ𝑂ା + 𝐶𝑂ଷଶି    (7) 
𝐻𝐶𝑂ଷି + 𝐻ଶ𝑂 ⟷ 𝐻ଷ𝑂ା + 𝐶𝑂ଷଶି    (8) 
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Fig. 6. Heat of absorption over 30wt% MEA and simulated 
solution of degraded MEA at 40 °C. 
Fig. 7. Change in pH vs. CO2 loading over 30wt% MEA 
and simulated solution of degraded MEA at 40 °C. 
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𝐶𝐻ଷ𝐶𝑂𝑂𝐻 + 𝐻ଶ𝑂 ⟷ 𝐻ଷ𝑂ା + 𝐶𝐻ଷ𝐶𝑂𝑂ି  (9) 
𝑀𝐸𝐴𝐻ା + 𝐻ଶ𝑂 ⟷ 𝑀𝐸𝐴 + 𝐻ଷ𝑂ା   (10) 
𝑀𝐸𝐴𝐶𝑂𝑂ି + 𝐻ଶ𝑂 ⟷ 𝑀𝐸𝐴 + 𝐻𝐶𝑂ଷି    (11) 
𝐻𝐶𝑂𝑂𝐻 + 𝐻ଶ𝑂 ⟷ 𝐻ଷ𝑂ା + 𝐻𝐶𝑂𝑂ି   (12) 
 
   
(a) Normal 30wt% MEA solution            (b) Simulated solution of degraded 30wt% MEA 
Fig. 8. Mole fraction of products over various CO2 loadings analyzed by 13C-NMR. 
Carbon dioxide loading was obtained by the ratio of inorganic carbon to total organic carbon measured by the 
TOC and the total organic carbon contains the carbon of carboxylic acids. As shown in Fig. 9, the carboxylic acids 
which are produced from MEA and oxygen via intermediates form zwitterions or salts composed of carboxylate 
anions and protonated MEA and some of them are also dehydrated into N-(2-hydroxyethyl) formamide (HEF) and 
N-(2-hydroxyethyl) acetamide (HEA) [13]. The filled triangle plots in Fig. 6 shows replotted results for the 
simulated solution using compensated CO2 loading calculated by subtracting the deactivated MEA from total MEA 
including all carboxylic acids and derived HEA or HEF. The changing-point of the heat of CO2 absorption moved 
from CO2 loading of 0.3 to 0.4 and was almost equals to that of the normal MEA. While carboxylic acids were 
detected even in a rich CO2 loading, as shown in Fig. 8 (b), this result indicates that the carboxylic acids formation 
by oxidative degradation may give double effect on deactivation of MEA. 
Fig. 9. Possible reaction mechanism for oxidative degradation of MEA and production of HEA or HEF via carboxylic acids. 
Considering that the base blended solution showed around 10% increase in heat of CO2 absorption, several virgin 
solutions changing blend ratio against the base solution of MEA/HCOOH/CH3COOH =27.66/1.80/0.54 wt% were 
prepared and each heat of CO2 absorption was measured at CO2 loading of zero (i.e. unabsorbed solution). Figure 10 
plots the heat of CO2 absorption versus the blend ratio whose compositions are shown in Table 1. The heat of CO2 
absorption linearly increased with increase in the blend ratio. 
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Fig. 10. Heat of CO2 absorption for various blend ratio in unabsorbed simulated solution (zero CO2 pre-loading). 
3.2. Equilibrium CO2 loading 
As shown in Fig. 4, the VLE experiment using the pressurized vessel partially filled with the simulated solution 
or normal 30wt% MEA solution was conducted at temperature of 40 °C and CO2 partial pressure of 10 kPa for the 
absorber condition and at 120 °C and 100 kPa for the stripper condition, respectively. Figure 11 shows equilibrium 
CO2 loadings of the simulated solution and the normal MEA solution at each condition and CO2 loading capacity 
(cycle capacity) obtained by the difference between both conditions. At the absorber condition, the CO2 loading of 
the simulated solution decreased by 20~23% in comparison with the normal solution, where it decreased by 7~14% 
at the stripper condition. Therefore, the oxidative degradation of MEA decreases the CO2 loading capacity in 
comparison with MEA, even after the second cycle of absorber and stripper conditions. The decrease in CO2 loading 
of the simulated solution at the absorber condition can be understood by essentially the same reason as the double 
effect on deactivation of MEA discussed in the paragraph 3.1. However, at the stripper condition, since the HEA or 
HEF could have been partially hydrolyzed by water to form carboxylic acids and MEA again, the deactivation effect 
was mitigated. Existence of HEA and HEF in the simulated solution was confirmed qualitatively by using liquid 
chromatography - mass spectrometry (LC-MS) even after the first cycle of VLE test. The result of 13C-NMR analysis 
is another collateral evidence for the above hypothesis. Table 2 summarizes relative molar ratio of the acetic acid or 
formic acid to the MEA in the simulated solution before and after the first and second cycle. The detected carboxylic 
acids decreased after the first cycle and the decrease did not change even after the second cycle. This result also 
indicates that the carboxylic acids were chemically changed into the other chemical compounds. The VLE test cycle 
underwent a high pressure and a high temperature of the stripper condition, thermal degradation could accompany 
complex reactions in the simulated solution. Meanwhile, Vevelstad et al. reported thermal degradation with CO2 on 
already oxidatively degraded solutions and the result indicated typical thermal degradation compounds were detected 
[14]. There still remains unknown reaction mechanism. Further work is necessary to clarify combination of thermal 
and oxidative degradation in actual operating conditions. 
Table 2. Change in relative amount of carboxylic acids before and after the first and second cycle analyzed by 13C-NMR. 
 Acetic acid Formic acid 
Relative ratio to MEA Rate of decrease Relative ratio to MEA Rate of decrease 
Before VLE test 2.7% - 8.7% - 
After 1st cycle 1.3% 50.4% 5.4% 38.2% 
After 2nd cycle 1.2% 56.1% 5.8% 33.7% 
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Table 1. Composition of simulated solution (wt%). 
Blend ratio Formic acid Acetic acid MEA 
1 (Base) 1.80 0.54 27.66 
0.7 1.29 0.39 28.32 
0.6 1.08 0.32 28.60 
0.5 0.90 0.27 28.83 
0.4 0.72 0.22 29.06 
0 0.00 0.00 30.00 
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Fig. 11. CO2 loadings at absorber and stripper condition and cycle capacity defined as the difference between these data. 
3.3. CO2 absorption rate 
Carbon dioxide absorption rates N of both solutions were quantified by the gas-liquid contactor shown in Fig. 5 
and the result is shown in Fig. 12. Both CO2 absorption rates decreased linearly but in different gradients with 
increasing CO2 loading. The CO2 absorption rate of the simulated solution was initially about 2×10-6 kmol/m2/s 
lower than that of the normal MEA solution. However, since the gradient of the simulated solution is lower than that 
of the normal MEA solution, the CO2 absorption rate of the simulated solution overtook with increase of CO2 
loadings. This result is consistent with the result of pH measurement shown in Fig. 7, and higher pH in the simulated 
solution kept the CO2 absorption rate high even more than CO2 loading of 0.3. 
 
 
Fig. 12. Comparison of CO2 absorption rates of the simulated solution and the normal MEA obtained by the gas-liquid contactor. 
4. Conclusions 
MEA solutions mixed with carboxylic acids which were regarded as the simulated solution for degraded MEA 
and effect of the addition of carboxylic acids on heat of CO2 absorption, equilibrium CO2 loading and CO2 
absorption rate Effect of were quantitatively evaluated by the DRC, VLE apparatus and gas-liquid contactor, 
respectively. 
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From the equilibrium viewpoint, the production of carboxylic acids by oxidative degradation gives a negative 
effect, which means that it requires more CO2 separation energy for post combustion capture system, because the 
heat of CO2 absorption increased by around 10% and the CO2 loading capacity decreased by almost half. However, 
since the CO2 absorption rate was kept at a high value at the range of richer CO2 loadings, it gives a positive effect, 
which means that extent of the negative effect can be partially mitigated. 
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